We report 7 Li, 29 Si, and 13 C NMR studies of two different carbon-rich SiCN ceramics SiCN-1 and SiCN-3 derived from the preceramic polymers polyphenylvinylsilylcarbodiimide and polyphenylvinylsilazane, respectively. From the spectral analysis of the three nuclei at room temperature, we find that only the hand, the rotating frame relaxation rate T −1 1ρ results suggest that the slow motion of Li on the ms timescale may be affected by complex diffusion and/or non-diffusion processes.
tral analysis of the three nuclei at room temperature, we find that only the 13 C spectrum is strongly influenced by Li insertion/extraction, suggesting that carbon phases are the major electrochemically active sites for Li stor- on ω L which deviates from the standard Bloembergen, Purcell, and Pound (BPP) model implies that the Li motion on the µs timescale is governed by continuum diffusion mechanism rather than jump diffusion. On the other tion on the storage site of the Li.
Nuclear magnetic resonance (NMR) has proven to be a powerful method for probing local structure and Li motions in numerous Li-containing ion conductors [14, 15, 16] . Although there have been a couple of solid state NMR studies performed on the SiCN and SiOC ceramics [17, 18, 19, 13] , they are mostly concerned with structural aspects of these materials using the magic-angle spinning (MAS) technique, still lacking information on the Li dynamics as a function of temperature and frequency.
In this paper, we report 7 Li, 29 Si, and 13 C NMR studies of carbon-rich SiCN PDCs, adopting wide-line NMR method instead of its high-resolution solid state counterpart, providing information on the Li dynamics as well as on the Li storage site. While our data show that inserted Li ions mainly find carbons for their electrochemical storage sites, they also suggest that the mixed bond tetrahedra of Si which are formed in polysilazane-derived SiCN, act as an additional lithiation site. The spin-lattice relaxation rates as a function of temperature and frequency demonstrate that the Li motion on a timescale of µs is precisely described by an activated law τ c = τ 0 exp(E A /k B T ).
Sample preparation and experimental details
Two SiCN ceramics derived from polysilylcarbodiimide (HN1) and polysilazane (HN3) (in the following denoted by SiCN-1 and SiCN-3, respectively) have been synthesized, as described in detail in Refs. [13, 20] . The elemental composition of the ceramics with regard to their carbon, nitrogen, oxygen, chlorine and hydrogen content was measured. The carbon amount was de-termined by a combustion analysis with a carbon analyzer Leco C-200, the nitrogen and oxygen content by hot gas extraction with a Leco TC-436 N/O analyzer (Leco Corporation, Michigan, USA). The chlorine and the hydrogen content were measured at the Mikroanalytisches Labor Pascher (Remagen, Germany). The silicon content was calculated as the difference of the above mentioned elements to 100 %.
The particle size distribution of the ceramic powders was measured with an analysette 22 COMPACT (Fritsch, Germany) which is working in a measurement range of 0.3 to 300 µm. The measurements were performed in ethanol at constant stirring and ultra sonic treatment. The specific surface area (SSA) and porosity of the samples were determined from the nitrogen adsorption and desorption isotherms with an Autosorb-3B (Quantachrome Instruments, USA) at 77 K using the Brunauer-Emmett-Teller equation and the Barret-Joyner-Halenda method, respectively.
The ceramic powders were mixed with 7.5 wt% of CarbonBlack Super P R (Timcal Ltd., Switzerland) and 7.5 wt% polyvinyilidenfluoride (PVDF, SOLEF, Germany) dissolved in N-methyl-2-pyrrolidone (NMP, BASF, Germany Afterwards the cells were disassembled in the glove box. The pellets were washed with DMC to remove the salt of the electrolyte and ground to a powder for NMR measurements.
The NMR measurements were performed using Tecmag Fourier Transform (FT) pulse spectrometer. 7 Li, 29 Si, and 13 C NMR spectra were obtained using a spin-echo pulse sequence (π/2 − τ − π) which is more advantageous than the free induction decay (FID) method since it effectively eliminates spurious signals. For the 29 Si and 13 C, due to the weak signal intensity asso-ciated with their low natural abundances and the long spin-lattice relaxation time T 1 , their spectra were acquired only at room temperature for two phases (SiCN-1 as prepared and SiCN-1a) and three phases (SiCN-3 as prepared, SiCN-3a, and SiCN-3b). For these two nuclei, the NMR spectra each were averaged more than 4000 scans, with a typical π/2 pulse length of 4 µs and a repetition time of 40 s.
To probe the Li diffusion parameters, 7 Li NMR spectra and relaxation rates were measured as a function of temperature in the range of 80-420
K. The spin-lattice relaxation rates T
−1 1
in the laboratory frame and T
−1 1ρ
in the rotating frame were measured to study the Li motions on µs and ms timescales, respectively. For the T
−1 1
measurements, the saturation recovery method was employed and T 1 was obtained by fitting the relaxation of the nuclear magnetization M(t) to a single exponential function,
where a is a fitting parameter.
In this study, since SiCN-1 and SiCN-3 exhibit very similar electrochemical performance as well as NMR results at 116.64 MHz, the detailed frequency dependences of the linewidth and relaxation rates have been made only on SiCN-3a.
Experimental results and discussion

Characterization
The results of elemental composition are shown in Table 1. The table also includes the amount of free carbon within the ceramics calculated according to the equation,
taken from Ref. [21] with x, y, z being taken from the empirical formula Despite the low current applied for lithiation and delithiation, capacities for both materials are below the achieved capacities of printed electrodes. This discrepancy can be explained by the much higher thickness of the pellets needed for a suitable amount of powder for NMR probing. carbons [7, 20] . In fact, a previous high-resolution 13 C NMR study in SiCN revealed two groups of spectra associated with sp 2 and sp 3 carbons [22] .
Electrochemical results
NMR spectra at room temperature
They are roughly separated by ∼ 110 ppm, which indeed accounts for the difference between the main peak at ∼ 200 ppm and the shoulder at ∼ 90 ppm. Therefore, we assign the main peak and the shoulder to sp 2 and sp 3 carbons, respectively. This implies that the small amount of sp 3 carbons is still present even at the high pyrolysis temperature (1100 • C) in both SiCN-1
and SiCN-3.
The insertion of Li ions affects the 13 C spectrum significantly, reducing the anisotropy of the spectrum. This contrasts with the 29 Si spectrum which is almost intact with Li insertion for SiCN-1. The large influence of Li insertion on the 13 C spectrum indicates that electrochemically active sites for Li storage are mainly carbon phases. It would be interesting to recall a debate on the main Li storage in SiOC ceramics. Fukui et al. [18] suggested that the free carbon phase is the main site for Li storage, while Ahn et al. [21] proposed the mixed bond tetrahedra of Si as major Li hosting sites.
It is known that HN1-derived SiCN-1 has no concentration of mixed bonds of Si unlike HN3-derived SiCN-3 [4, 17] . Thus, based on the almost identical spectra of 13 C for both SiCN-1 and SiCN-3 samples after charging/discharging, one can argue that carbons are the major electrochemical storage site for the Li ions, regardless of the preceramic polymers. The fact that the whole 13 C spectrum, which reflects two inequivalent carbon phases, Li insertion occurs only for SiCN-3 as shown in Fig. 3 . This suggests that the mixed bond tetrahedra of Si also act as an additional Li storage site, although its role is estimated to be only minor based on the fact that the 7 Li spectra are almost identical for both SiCN-1 and SiCN-3 as shown in Fig. 2 . 7 Li spectra and spin-spin relaxation rate In the high-temperature limit (i.e., motional narrowing limit), where the spin-spin relaxation rate is much smaller than the rigid-lattice linewidth i.e.,
Temperature dependence of
≪ ∆ν RL , the NMR linewidth is independent of temperature and T usually allows one to determine the activation energy E A and τ 0 which are associated with the diffusive motion of Li ions. However, the motional narrowing limit is not accessible up to 420 K which is the highest temperature set by our equipment, as shown in Fig. 5 .
In this case, there is an alternative way to estimate E A using the well-known empirical relation [15] ,
Using T onset = 190 K, one can obtain E A ∼ 0.31 eV (or ∼ 3600 K) which indeed appears to be a reasonable value, being comparable to 0.32 eV for the fast 3D Li motion observed in another potential anode material [23] Li 12 Si 7 , and we will show below that the obtained E A is consistent with temperature and frequency dependences of the spin-lattice relaxation rate measurements. Figure 6 shows the 7 Li spin-lattice relaxation rate T continues to increase with increasing temperature up to 420 K, without forming a maximum which is expected when the condition ω L τ c = 1 is met from the Bloembergen, Purcell, and Pound (BPP) model [24] ,
Lithium dynamics from the spin-lattice relaxation rates
This indicates that the system lies in the low temperature limit, i.e. ω L τ c ≫ 1, over the whole temperature range investigated.
Furthermore, we find that the Larmor frequency dependence of T
L which is expected from the standard BPP model in Eq. (3), but obeys the relation T
instead. In general, such a non-BPP behavior could be attributed to both structural disorder and Coulomb interaction [25] . In particular, the 3/2 power law dependence of T −1 1 on ω L is often observed in disordered materials and indicates that the Li ionic diffusion occurs continuously (continuum diffusion) due to varying atomic distances, rather than jump diffusion from one site to another [26, 15] . In this case, T In addition to the ω L -dependence, the data reveal the presence of a background T −1 1 which arises from contributions that are unrelated to the diffusion process, which is clearly revealed in the Arrhenius plot at low temperatures, as shown in Fig. 7 . Assuming a T linear background term, one can write:
where τ c ≡ τ 0 exp(E A /k B T ), and a 0 and c 0 are constants which are allowed to vary depending on the samples.
We find that this formula excellently describes the temperature and ω Ldependence of the T 1ρ measurements on the SiCN-3a sample only. We find that the relaxation of the nuclear magnetization M ρ (t) in the rotating frame is strongly stretched in its initial decay, in contrast to the T
−1
1 experiments where the relaxation of M(t) is always single exponential. This non-exponential decay of M ρ (t) along the rotating field is attributed to limited spin diffusion in which the direct relaxation rate is faster than the diffusion rate [28, 29] . In this case, one may expect that M ρ (t) decays exponentially at long times where the diffusion rate becomes important. Indeed, we observed a single exponential decay at long times. Here, we extracted T 1ρ,l as a function of T is shown in Fig. 6 , exhibiting a clear characteristic temperature T max at which the spin-lattice relaxation rates pass through a maximum. Remarkably, T max is very close to 260 K at which 2ω 1 τ c = 1, where ω 1 is the Larmor frequency in the RF field, with the same diffusion parameters E A and τ 0 deduced above. This is another evidence that the correlation time τ c describing the Li ionic motion in SiCN is uniquely given by well-defined parameters.
In contrast to the long rate T −1 1ρ,l , the short rate T −1 1ρ,s does not reveal a maximum as shown in Fig. 7 similar to the case of T −1
1 . This suggests that T −1 1ρ,s is largely caused by the mechanism related to the fast Li motion. Indeed, its behavior in terms of inverse temperature, particularly at low T , seems to be described by Eq. (4) 1ρ,s data may suggest that the slow motion of Li ions is given by a rather complex process compared to their fast motion which is well understood by the simple activation law.
Despite the complex rotating frame relaxation rates detected on a slow timescale, our NMR relaxation measurements show that the fast dynamics of Li on a timescale of µs, which is of practical importance for the performance of anode materials, is essentially described by a "single" activation energy and correlation time in a wide temperature range. This is a quite remarkable finding, taking into consideration that the structural disorder in amorphous materials like SiCN usually causes a distribution of either activation energy or correlation times or both.
Conclusions
We carried out systematic NMR studies focusing on the 7 Li spectra and relaxation rates as a function of temperature in the two SiCN ceramics derived from polysilylcarbodiimide (HN1) and polysilazane (HN3). Our study successfully characterized the local Li diffusion process in these materials by NMR linewidth and relaxation measurements. The dependence on Li insertion/extraction of the 29 Si and 13 C NMR spectra revealed that both sp 2 and sp 3 free carbons act as major electrochemically active sites for Li storage.
The comparison between the 29 Si spectra of SiCN-1 and SiCN-3 show that an additional path for Li storage can be formed in SiCN-3 through the mixed bond tetrahedra of Si.
We found that the to 400 K is governed by a very stable thermal activation law given by welldefined diffusion parameters. The stable diffusion mechanism of SiCN ceramics regarding temperature variation suggests that one may fine-tune the Li diffusion parameters for an anode material optimized for specific battery performance, without the need for the detailed understanding of the structural complexity in these amorphous materials. 7 Li NMR spectra of SiCN-1a and SiCN-3a samples taken at 300 K at 116.64
MHz. The 7 Li spectra measured after Li extraction are compared. Clearly, the spectral weight at larger shift is significantly depleted after discharging. The 7 Li spectra at chosen temperatures are shown in the inset. 29 Si NMR spectra of SiCN-1 and SiCN-3 samples obtained at 300 K at 59.624
MHz. While Li insertion/extraction has little influence on the spectrum for SiCN-1, a small broadening was identified after Li insertion for SiCN-3. Note that the broadening effect disappears after Li extraction.
Figure 4:
13 C NMR spectra of SiCN-1 and SiCN-3 samples measured at 300 K and 75.476
MHz. Li insertion has a significant influence on the 13 C for both SiCN-1 and SiCN-3 in contrast to 29 Si, indicating that Li ions mostly reside near carbon sites regardless of the detailed local structure. 
